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[ INTRODUCTION

This report documents the work performed on the prototype
Rotating Gravity Gradiometer (RGG) during May and June 1975. This
two month contract was contiguous with contract F19628-72-C-0222
a 39 month effort during which one prototype RGG sensor was designed,
fabricated, asscmbled, analyzed, adjusted and system tested.

The purpose of this contract was to provide continuity of effort
at a partic:larly critical time during the development program, and to
investigate the bearing failures and provide solutions, It also continued
the laboratory test and evaluation of the RGG sensor system which had
only just begun during the last weeks of the prior contract,

he status of the development program at the outset of this con-
tract was that the RGG sensor operation had been demonstrated 1n both
the horizontal and vertical spin axis orientations, The noise level was
approximately 300 E6tvés Units (EU) at ten seconds integration time,
This high level of noise prevented demonstrations of gravity gradient
sensitivity with present laboratory cquipment, Because of two bearing
failures, the original spin bearings were not ased for the April 1975
demonstrations, Instead, they were replaced with comimercial ball
bearings because their ready-availability made them the most expedient
substitute for the original, high precision journal bearings. This report
will show that the April 1975 system performance, which was far short
of the performance objectives, can be substantially attributed to the use

ol the interim ball bearings,
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II. SPIN BEARING ACTIVITY

One of the first tasks in this contract was directed at establish-
ing the cause of the RGG spin bearing failures and to study altzrnative
designs. A subcontract was let to Shaker Research Inc. for engineering
services, for preliminary studies, for detailed design, and for fabrica-
tion and test of a new hydrodynamic journal oil bearing. The new bear-
ing is specifically designed to operate in a vacuum (~1 pm Hg).

These steps and certain alternatives are discussed in this

Section.

Ay Bearing Failure Analysis

After study of the failed bearings, available test data, and dis-
cussions with Shaker Research personnel, the iollowing conclusions

were reached:

L. Both bearings failed due to lack of lubricant. In one
case the oil was lost when a vacuum was applied to the
bearing. In the other case, insufficient oil was provided
for proper operation due to an inadvertent underf{ill.

2. The bearing filling procedures initially used were not
the best for vacuum operation of these bearings. Tests
made during this program show that the bearing and pintle
must be assembled and filled in a vacuum or the assem-
bly will froth and bubble and lose oil at the pintle-seal
plate joint.

3. Nyebar — an oleophobic coating material — does not repel
oil or resist wetting by oil with sufficient force to pro-
vide a practical seal in a vacuum environment. Rel-
atively extensive tests, discussed in Section III-B,
demonstrated that only under the most optimum condition
could the capillary seal concept be made to operate as
an effective seal.

4. The spin bearings had been designed for expos-
ure to ambient air pressure. They were
manufactured several months before the January
1974 RGG configuration final selection, a deci-
sion which would cause the bearings to be
exposed to the sensor vacuum environment.

Preceding page blank



Unfortunately, it was not until May 1975 that
the negative impact of this decision was fully
appreciated: careful examination revealed
the need to vent several voids and to reduce
the maximum static head of the lubricant.
Thus, a major redesign was required.

5. As nearly as could be determined, the bearings did meet
their break-away torque, stiffness, and load carrying
capability when operating in air.

6. The surface tension of the oil that we are using is the
same in air or vacuum. A simple capillary height rise
test gave the same surface tension in air as vacuum.

Based on the above failure analysis items, it was decided that a

new bearing could probably be designed that would meet all of the RGG

specifications, including the vacuum requirement.

B. New Beariniprocurement

Except for a significant weakness in oil retention, the spin
bearings originally designed by Shaker Research appeared to have met
all design objectives., Since Shaker Research was intimately familiar
with all of the RGG problems, it was decided to hold a design conference
on a new bearing design at Shaker Research. There were two objectives
of this conference: first, to determine if a ""medium performance —
quick and dirty'' bearing could be built that would allow Hughes to per-
form some tests on the rotating sensor with only a few weeks delay.
Second, to explore a design concept to reasonable depth that would pro-
vide the required RGG spin bearing performance in a vacuum environment.

The first part of the conference was conducted on a wide-open
concept basis; i.e., we had a specific bearing probiem and the question
addressed the potential solutions. It quickly became evident that our
RGG requirements ruled out quick-and-dirty designs. The spin beariags
must operate in the hydrodynamic (thick-film) mode to maintain the
torque noise at an acceptable level.

After the first bearing failure in March 1975, we designed,
manufactured, installed and tested bearings using Oilite as the bearing

material. These bearings operate in the thin film (boundary layer)
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mode. The necessity for the thick-film mode became conclusively
evident when the resulting noise and bias levels of the RGG became
worse than when operating on a pair of ball bearings. The weak points
2 the original Shaker bearing design secemed to involve marginal seal
. retention) capability and an inadequate oil reservoir. Thus,

attention was turned to these arcas at the start of the conference.
Prelimunary calculations demonstrated that the drag and tcique noise
of an 'O" ring or lip seal would be within the RGG bearing specifica-
tion requirements, Such a seal, although not leak-proof, would provide
a rupped positive seal with an acceptable life. This type o1l seal was
accepted as a base line.

The oil reservoir problem hecame a combined problem of
vacuum filling, oil feed, and loss of very small amounts of oil from

a small reservoir. The best solution necessitated the use of a rather

large rescrvoir, with wick feed, and a vent to the outside of the bearing.

This concept too, was accepted as the second base line,

These two base lines were broadly formulated intc a very pre-
l'minary bearing concept. Shaker was then authorized to complete the
preliminary design.

After the preliminary design and test programs at Shaker, a
subcontract was let to Shaker to complete the design, fabricate and test
one pair of prototype bearings. This bearing pair will be the same as
4 final bearing except that pintle and bearing total indicated roundness
(TIR) will be limited to 20 pin (0.5 pm). Five microinches (0,13 pm)
TIR will e required for the final bearing. The 20 pin (0.5 um) TIR
specification speeds delivery and reduces the cost of the prototype
nearing. The performance will be the same as the final bearing in
every respect except the torque noise. The prototype bearing set will
be tested at atmospheric pressure and in a vacuum to evaluate all perti-

nent characteristics,
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C. New Bearing Characteristics

The assembly and parts detail of the newly designed Shaker
Research Corp. spin bearing for the Hughes RGG are shown in Fig. |
through 5. The pintle size, land, and groove configuration are identi-
cal to those of the original bearing.

In this bearing design, the pintle (Item No. 1) is attached to the
rotor of the RGG. Since the pumping lands and grooves are on the
pintle, which will now become the rotating part, this bearing will be
very slightly noisier than the original reversed configuration. However,
the noise will be within the specification limits. The rotating pintle
configuration has the advantage of being easier to seal and to provide
with an adequate cii reservoir.

The oil reservoir is in the bearing housing (Item No. 4). The
reservoir has a total volume of about 2 cubic centimeters, about half
of which will be filled with oil. Thus, with the RGG in any attitude,
about half of the pintle bearing surface will be submerged in oil. Oil
is distributed to the bearing and pintle surfaces not already submerged
in oil by means of wicks (Items No. 9 and No. 10). The oil reservoir
is vented to the pintle atmosphere environment by a vent hole (visible
in the reservoir structure, ltem No. 3).

This vent hole restricts the angular orientation of the sensor
when the spin axis is horizontal to +75° about the vent hole up position,
This is not considered to be a significant restriction. A lip oil seal
(Item No. 13) is visible in the assembly drawing.

The overall length of the new design has been increased by
0.406 cm (0.160 in.) to acconimodate the oil reservoir and other fea-
tures. The increased bcaring length can be accommodated by shims
under the bearing seats and by relieving the stator end cover,

The new hearing design has been reviewed in detail by several

engineers, and appcars to meet all of the RGG requirements,
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D, Bearing Component Tests

Two components of the new bearing design required specific
tests since design data weremeager. These new features are: the use
" = of a wick (which raises the question of the wick's ability to supply the
required flow of lubricant), and the use of lip seal (which raises ques-

. tions of torque drag and torque variations).

The wick feed rate was tested and found to provide a feed rate
of three to five times that requirced by the bearing. Preliminary tests
of the lip seal torque and torque variations were inconclusive. The
average torque at low speeds, the only test speed available at the time,
was considered to be satisfactory. However, at the slow speeds, the

seal exhibited a stick-slip friction characteristic that is considered to

f
4
;
1
]
]

be undesirable, Additional tests wiil be made, using the new bearing

as soon as possible, to further evaluate lip seal torque variability.

E. Beariang Alternatives

Although the new spin bearing has been carefully thought out,
1 two areas of uncertainty exist,

The first concerns the possibility of excessive torque noise
caused by the lip seal. If this becomes a problem, four or more alter-
natives exist, They include: (1) use of an annular mercury seal;

(2} use of an "O"" ring instead of the lip seal: (3) use of a magnetic
fluid scal. and {4) oleophoubic surface coatings. The substitution of an

'O" ring or the use of an olcophobic coating would be simple and

| straightforward, if they can be made to work, The annular mercury
scal or the magnetic fluid scal would require rather extensive test pro-
grams and significant bearing modification,

The second arca of uncertainty is that the bearing, as designed,
may not operate in a4 hydrodynamic mode in a vacuum due to the lack of
sufficient pressure hcad to force oil into the depleted regions, Two
theories exist., The first postulates that a conventional hydrodynamic

oil journal bearing may not operate properly in a vacuum. Without

t : atmospheric pressure, there may be insufficient pressure to feed oil
)
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into the depletion regions. The second theory postulates that with an

adequate oil supply, the cohesive forces (surface tension) within the oil

will provide sulficient pressure to feed oil into the bearing.
Alternatives exist if the latter theory does not prove valid.

These include:

Seal and evacuate the rotor and operate the bearings at
atmospheric pressure. This alternative would require
extensive modification of the outer rotor structure.

Make a small viscous pumpan integral part of the
bearing; designing a pump into the bearing would re-
quire more design effort, relatively extensive testing
and very complex bearing manufacturing.

Design and install a small piczoclectric or magneto-
striction pump within the bearing. Piezoelectric or
magnetostriction pumps are novel devices and are
poorly understood. Again extensive design and experi-
mental cffort would be required.

Operatc the sensor as a whole at some reduced pres-
sure where the bearings can still operate properly.

The rotor would be crudely sealed but not evacuated,
Operating the sensor at a reduced pressure, but not

a hard vacuum, would require considerable testing

and some rotor modification. However, this alterna-
tive is the least complex of all if it can be made to work.

In summary, there are two areas of uncertainty and we have
given them due consideration. However, they are only considered possi-
bilities, and not probabilities at this time. The neccessity to further
consider alternatives is not required until the next bearing test program

has been completed,




III. RGG LABORATORY TEST PROGRAM
The second major part of this two-month program has concerned
the evaluation of the RGG Sensor in the rotating mode. The more

significant tests and findings are described in the following paragraphs.

A, Spin Bearing Alternatives — Near Term

As described in the Final Report under Contract F19628-72-
C-0222, the original hydrodynamic oil bearing had been damaged by
operation with insufficient lubricant. As an expedient, the RGG sensor
was then successfully demonstrated using commercially available,
Class No. 7 ball bearings.

At the outset of this contract, the near-term spin bearing alter-
natives were reviewed, It was determined that new, better quality ball
bearings could not be purchased without undesirable time delays needed
for a special procurement, Further, it was calculated that better ball
bearings would offer noise improvements of no better than a factor of 3.

Interim journal bearings were considered. Because of the urgent
need for bearings, the time span to design, manufacture and test was
insufficient to produce the quality bearing required. Compromises
would have resulted in producing bearings of marginal performance and
a possibility that the bearings would be noisier than ball bearings.

Use of the existing, damaged bearings was then considered.
Minor modifications, rework and filling tests were considered., After
deliberation, we concluded there was an excellent chance that the
original hydrodynamic journal oil bearings could be made to operate
suificiently well for reasonable periods of time.

In view of these alternatives, the latter course was chosen,
First, the burrs on the pintles, caused by the seizure, were polished.
Next, the oil reservoir hole in the pintle of bearing No. 1 was plugged.
The bearing and RGG rotor were then vented at all points of possible

air entrapment,
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Fill tests were then conducted as described below. The end
result of these efforts is also described below. It will be shown that
within seven weeks from the start of this contract, the Prototype RGG

Sensor was successfully demonstrated as a mass detector.

B. Spin Bearing Fill Tests

The damaged spin bearings were utilized in a series of tests to
determine if the bearing could be filled with degassed lubricant without
creating voids or air pockets, It was determined that due to dimensional
tolerainces, the correct volume of oil could only be determined
experimentally,

The fill tests consisted of filling the bearing repeatedly, using
increasing amounts of oil, until an overflow condition was created when
the pintle and bearing were assembled, For serial No. 1, the amount
of oil required to just fili the bearing is 30 microliters,

Although the fill seems to be correct, bearing No. 1 lost a
significant amount of lubricant when operated in a vacuum in the verti-
cal spin axis orientation and located at the top end ot the sensor. In the
above condition, the bearing acts as a cup with no gravitational or
capillary forces tending to empty it. The fact that lubricant is lost
under the foregoing conditions implies the existcnce of an entrapped air
bubble, in spite of the apparent good fill, or that the Nyebar-capillary
seal cannot accomplish the sealing function.

The design of the new ! ~aring, described in Section II of this
report, recognizes these problems with the original hydrodynamic
journal bearing design, Specifically, the new bearing is directly vented
to the pintle atmosphere through a liquid trap to prevent loss of fluid
caused by bubbles formed during the evacuation process., Also, the new
design will not utilize the capillary seal-Nyebar combination, instead
a lip seal will be used., The attention given to these recent design
changes is expected to solve the major shortcomings of the original

de ;ign,

20



Eha

Hybrid Bearing Program

An cffort was made to salvage the less damaged hydrodynamic
spin bearing (serial No. 1) and evaluate its performance in the RGG.
To accomplish this, we decided to install the hydrodynamic oil journal

bearing (serial No. 1) at the top end of the vertically criented RGG

sensor. At the bottom end we installed one of the commercial ball bear-
ings. This specific arrangement allowed the noncritical ball bearing

to carry the axial load of the RGG rotor and the oil bearing was located
in the least demanding attitude.

The RGG sensor was spun up and immediately tested for output
bias and noise., Compared with the prior results obtained with ballbear.
ings at each end of the spin axis, the results were dramatically
improved. The bias was reduced by a factor of 3 to 5 and the noise was
reduced by a tactor of 10. For the first time, meaningful demonstra-
tions of gravity gradient sensitivity could be performed with the Proto-
tvpe RGG,

The factor of improvement was most welcome and quite reason-
able, It is well known that with an opposed pair of ball bearings, as
they were being used during the April 1975 demonstrations, the bearing
torque noise is dependent upon: (1) the ball size match, (2) the contact
angle, and (3) the contact angle match. Since our ball bearings were
standard cormercial items, good matching would not be expected,

Thus, when one ball bearing was removed from the spin axis, the
mismatch condition no longer existed. Only the inherent nc ne

ball bearing remained.

0. RGG Performance Results

The first operation of the RGG under rotation conditions occurred
toward the end of our previous contract effort, Because of damage to
the o1l journal bearings originally designed for the sensor, it was nec-
essary to operate the RGG on a temporary suostitute set of ball bearings.
Although the ball bearings were of highest quality (Class 7), they were

obviously going to be much noisier than the oil journal bearings because

T
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of the ball and race design., The initial performance of the RGG on the
ball bearings, shown below, was relatively good despite the high (audible)
bearing noise, indicating that the sensor balance was good enough to

reject most of this noise.

Horizontal Orientation Per Channel
Bias 200, 000 EU
Trend (Not measured, but high)
Noise at 10 sec 300 EU

Vertical Orientation

Bias 20,000 EU
Trend {Not measured, but high)
Noise at 10 sec 300 EU

Our first few weeks of effort on this contract were spent
becoming familiar with the effects of variations in the sensor param-
eters on sensor performance, and adjustments to the bearings them-
selves. The initial set of ball bearings became significantly more noisy
in a short time, indicating that some damage had been done during
assembly. A new ball bearing set was installed, with care taken not to
introduce excessive loads on the palls during press fit procedures. The
bearing preload was varied and its effect on bias and noise determined.
Adjustment was made to the speed control servo gain and damping to
reduce torque noise. After this procedure, the sensor performance
figures improved somewhat,

Toward the end of May, the following performance characteristics

were obtained:

Horizontal Orientation Per Channel
Bias 150, 000 EU
Trend 1,000 EU/hour
Noise at 10 sec 300 EU

22



Vertical Orientation Per Channel
> Bias 3,000 EU
§
Trend 200 EJ/hour
Noise at 10 sec 300 EU
' . The effort to optimize the RGG on ball bearings is seen to have reduced
the bias and trend levels significantly, butitessentially had no effect on
1 the short-term noise level, The trend was due to both thermal effects 4
l and the slow deterioration of the ball bearings with time. Although the ;

trend was not so large as to prevent fairly long (4 hours) data runs, it

was large enough to make it very ditficult to carry out the time consum-

| ing shake tests required to further balance the sensor, d

[ ! Efforts to reduce the trend and short-term noise coatinued. |a
' Many variations of bearing position, orientation and preload were tried 1
on the ball bearings. A number of new bearing sets were installed in :

: an attermnpt to select a quict pair. Variations in the orientation of the

sensor in the horizontal position were made by rotating different sides

ot the stator to the "down'' direction, All these variations produced

onlyv small variations in the RGG output. The horizontal bias could be
. varied about 20%, but no significant change in noise level could be

: obtained. The long-term trends still were large enough to make any
]
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turther attempt at fine balancing of the sensor unfeasible,
As discussed in the previous section, one of the damaged oil

journal bearings was then cleaned up and used to replace one of the

i ball Lbearings, The damaged oil bearing would not work in the horizontal

T

orientation, but did work well in the vertical spin axis orientation, The | ]
short-term noise level of the sensor dropped significantly, This is
demonstrated in Fig, 6 which shows the response of the RGG sensor to

a 35 kg test mass placed nearby. The resultant 400 EU signal is easily

scen above the 50 EU short-term noise level.
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The present performance of the sensor on the hybrid bearing

pair (in the vertical orientation) is:

Bias: 4,500 EU
Trend: 100 EU/hour
Noise at 10 sec: 50 EU

The trend has improved somewhat but is still large enough to cause
some problems with balancing tests. A 90 min trace of the sensor out-
put showing the small trend is shown in Fig, 7, The trend variations
are seen to be of the same magnitude as the short-term noise. Since
the hybrid bearing does not work well in the horizontal position, the
shake tests and further balancing of the sensor will have to be postponed
until the new oil journal bearings are available.

The short-term noise of 50 EU is the variation in the output of
an individual channel, If this output were combined with the outputs of
other sensors in a system, this 50 EU level of sensor noise would
contribute only 245 EU error to the calculation of the components in the

gravity gradient tensor,

Because of the large drop in the noise level when one of the ball
bearings was replaced, and because of the excellent results of the non-
rotating noisce tests, we feel that the present source of noise is generated

by the remaining ball bearing (couupling through the residual unbalance

P ——

errors in the sensor). This 25 EU system noise contrilution measure -

ment gives us a confident measure of the upper bound to all the remain-
ing error sources. Replacement of the present bearings with the new
oil journal bearings, presently under fabrication, should eliminate this
last major error source and will result in RGG sensor performance

approaching our 1 EU goal,

1 RGG Partial Disassembly

In order to make some of the changes mentioned in paragraph A
above, it was necessary to partially dismantle the RGG sensor. While

the electronics were exposed, the "Cap-Driver" circuits were tested

PP T R SR T
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and modified. Due to pick-up and interference, this circuit had been
operating erratically. Minor filtering and by -pass capacitors were
added to the circuit, With these changes the circuit operated perfectly
or. the bench,

When the sensor was reassembled and tested as a unit, it was
found that there are conditions that occasionally cause erratic operation;
however, the system 1s considered usable at this time, The next time
the sensor is dismantled, additional shielding will be provided to
achieve the desired degree of perfection,

Also, while the sensor was dismantled, it became possible to
examine the leads to the electrolytic balance tubes, The two sets of
balance tubes on Arm No, 2 were tested for continuity —each set has
cight tubes in series —and it was found that both sets were open, We
do not know the cause of this failure, although it may have been caused
by the rapid deceleration of the rotor when the bearing seizure occurred.
Since the incividual tubes are located in a relatively inaccessible posi-
tion on the sensor, it was impossible to diagnose the condition of the
individual tubes. It would have required a considerable amount of extra
time to dismantle and reassemble the sensor just to properly inspect the
tubes. Such action was not believed to be expedient at this time,

In the next phase of the program when the sensor is completely
dismantled for anisoelastic trimminyg, the condition of the balance tubes

will be fully evaluated.

e Speed Control Servo and Bearing Torque Tests

Usc of the hybrid bearing combination, described in para-
graph III-C, has allowed us to make further evaluations of the RGG
Sensor speed control servo, Every measurement that we have been able
to make continues to indicate that the speed control is meeting all of its
performance requirements, This performance is demonstrated in

Fig. 8 which is explained in the tfollowing paragraphs,

27
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This computer print-out is part of the computer program that
calculates the encoder disc slot corrections. The computer first reads
the speed command in the heading (SPEED 563000, 00). This number
represents the number of 10 MHz reference counts desired during one
rotor revolution, The computer divides this by 8 to find the desired
number of counts per eighth revolution (octant), Then, once every

35 revolutions, it prints out the actual octant count read in each of eight
sequential octants during one revolution. Since computer printing

speed and space are limited, the octant count has a count of 2"~ sub-
stracted before the residual is printed. In this example, the ideal print-
out would be 4839. The important thing for servo analysis is not whether
the printed value is 4852 or 4836, but the variation in the last digit in
each column. The off-sets merely indicate that the slot corrections

had not been inserted exactly before the test was started. The last digit
variation indicates the measured octant count variation in 1.1 x 10'5

rad increments, on a sampled basis. The largest variation in any
column is 21 count, which is within our instantaneous position error
specification.

Bearing torques have been measured both by measuring servo
motor voltages and by measuring rotor run-down times. No actual
measurements have been made of the servo motor characteristics or
the polar moment of inertia of the RGG rotor. However, usi'ng nominal
values for these, the two methods correlate quite well and provide
torque information in the range expected. In the future, both of these

will be calibrated more accurately.

G. 3w and 4w Test Signal Implementation

Precision sine wave test signals, phase-locked to the sensor
rotation phase¢, are required at three and four times the sensor rotation
frequency to enable us to measure and separate the gradiometer error
coefficients, One and two omega test signals were provided as a part
of the original system design, These latter signals are generated by

means of a flip-flop counter chain activated by, and synchronized with,

»
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the gradiometer slot corrected photocell output pulses. The phase of

the square waves thus generated is accurate to #1,1 x 10"5 rad.

A 4 Q square wave was also generated as a part of the above-
mentioned counter chain, This signal was then filtered, passed through
a buffer amplifier and brought out to external terminals. A 3 Q signal

cannot be generated directly from an 8-slot encoder disc, but the 1 :

square wave has a relatively large 3 Q component and this component
1s inherently phase-locked to the 1 2. The 1 2 signal was passed
through a double section filter, amplified and brought out to external
terminals.

These new signals, along with the original ones now provide 1,
2, 3 and 4 omega square and sine waves all available at 1,0 or 0,01 V
levels, These signals have proven to be very useful during test and

calibration of the gradiometer,

H. Thermistor-Temperature Computation

It was mentioned in paragraph III-B above that, by use of an

external siynal and the sensor logic, we could monitor the internal

temperatur: of the RGG sensor. This is accomplished by applying a

two omega square wave to the RGG sensor '""Cap-Driver' terminals.

: | This square wave triggers an internal high speed bi-stable multivibration

| in exact synchronism with the applied input wave. The output of the
‘nternal multivibrator applies the regulated sensor voltage to two resis-
tance voltage dividers. One of these dividers is a pure resistance and
the other is a resistance plus two Fenwall Type FA41J1 thermistors in

b | series. The two thermistors at 25°C have a resistance of 20,000 Q.

: By means of the RGG sensor logic, the output of either of these

voltage dividers can be printed on the computer, Thus, we can monitor

either the internal regulated voltage or the internal temperature,

Since thermistors have good stability and repeatability but poor

tolerances on their initial resistance and temperature coefficient of

resistance, it has been necessary to calibrate the thermistors in the

sensor, This was done by letting the sensor stabilize at two different
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precisely known temperatures, activating the sensor and alternately

measuring the indicated temperature and regulated voltage,

lated voltage varics slightly during warm-up transient.

indicated initial values.

The nominal equation for thermistor resistance versus temper-

ature is shown below.

a slight error is introduced because the thermistor is part of resistor-

thermistor voltage divider.

small temperature differentials (10 to ZOOF, 5.5°C to IIOC) associated

These curves are repeatable to about 0. 2°F.

It is recognized that when using this equation,

with the RGG temperature rise

where

AT

Since Ro is known for two different temperatures, the equation can be

it

InR - 1InR
o X
K

AT =

resistance at the reference temperature

resistance at existing temperature

temperature coefficient of the thermistor

temperature rise above the reference temperature.

solved for the temperature cocfficient K, The final form «

equation 1s

where

AT

AT

It

temperature rise above 90°F (32.ZOC)
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The regu-
These data

were plotted on a time scale and the curves extrapolated back to the

However, this error is negligible at the

- practical
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R Temperature monitor print-out value
X Voltage monitor print-out value
.. ; . . . o -

The first tactor is obviously "Rx" for 90°F. This is the most compact .

form of the Ro term for the accuracy needed. Although the above

equations provide the most accurate indication of the internal sensor ,

temperature, Table 1 provides a convenient approximation. It is based

on the assumption that the stabilized voltage monitor output is 1160 units.

Table I, Internal RGG Sensor Temperature
versus

Temperature Monitor Reading

Temperature ]

% 5 Temperature Monitor

F C
I 90 32.22 954
|
i 91 32.77 932
| 92 33.33 911
|
l 93 33.88 890
l 94 34.44 870

95 34.99 850

96 35.55 830

97 36.11 811

98 36.66 793

|

99 37,22 74 ,

100 37.77 757
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During future experiments, the calibration and tabulation will be
extended to include all of the possible operating points, Also, we will
be able to determine the nominal operating speed (sensor resonant

frequency) from the same chart,

I. Sensor and Electronics Noise Tests

The RGG Sensor System speed and signal processing control
concept 1s based on vtilization of the pulses of light generated by the
photocell-encoder disc, to control the sensor speed and provide a signal
demodulation reference. The photocell output pulses occur at a rate of
approximately 140 per second, Every eighth pulse is wider than the
others to provide a phase reference, If the system receives a continuous
string of pulses that meets the system requirements from any source
whatever, the computer and servo system operate normally,

It is a simple matter to generate a simulated string of electronic
pulses by use of a precision voltage-controlled oscillator acting as an
clectronic servo. W th such a simulated servo method, it is possible
to measure the sensor output even though the RGG is not rotating. When

this is done, we obtain a system noise test that includes the following

noise sources:

° RGG Sensor thermal noise

° Transducer

() Electronic amplifier

° Electronic analog to digital conversion

° Data Processing

) Linear and angular vibration environment at

two omega
® Simulated servo

These noise tests exclude the following important noise sources of an

operating sensor: bearings, sensor servo, data processing of large
signals, linear and angular vibration at 1, 3 and 4 omega, and resonant 4
frequency shift, The noise due to these remaining sources can be

tested as soon as precision spin bearings become available,
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The results of two non rotating noise tests are shown in
Figs. 9and 10. In the first test, the spin axis of the sensor was
vertical: in the second the spin axis was tilted 459 off vertical. The
averages of both the cosine and sine terms are 0.1 EU or less, and the :
standard deviation of this short ternm noise is epproximately 0. 6 EU
per channel in both tests,

In an operational system, consisting of three RGG sensors, this

0.6 EU noise level would contribute only a little more than 0,3 EU error
to the calculations of the components in the gravity gradient tensor.
This 0,3 EU measurement is in close agreement with the calculations
for the contribution of thermal noise errors to the determination of the
grav ity gradient components, indicating that during these nonrotation
tests, our system had reached the thermal noise limit. Thus, these

results are considered to be entirely satisfactory and well within the

design goals of the system.

3
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Iv. CONCLUSIONS AND RECOMMENDATIONS

The objectives of this contract were met., First, the engineering

services and full cooperation of Shaker Research Inc. were promptly

directed toward the bearing problems. This expedited action resulted in

a new design and second-tier subcontracts for the manufacture of the
newly designed bearings. Further, the funds have been fully committed
in an FFP contract to Shaker Research for test and analysis of the
first pair of bearings and subsequent manufacture of the second nair.

Second, the work on improving the RGG sensor performance,
and studying the error sources resulted in rapid improvement of noise
performance. Further, the nonrotating noise test confirnied that the
only significant noise source in the signal processing chain was the
mechanical thermal noise of the RGG structure.

The rotating sensor tests strongly indicate that the remaining
major error noise source is introduced by the substitute ball bearings.
The 25 EU system performance demonstration puts a strong upper
bound on all other rotation-de pendent noise sources,

The evidence produced by this two month follow-on effort is
sufficient to warrant acceleration of the development program in FY 76
and beyond. Many tasks remain before the PGG will have demonstrated
the rotating performance objectives in the laboratory environment,
First among these tasks is the need to verify the operation of the
new bearing configuration. Once this requirement is satisfied, rotating
tests will then be continued. Effort can then be directed toward evaluation
and reduction of the anticipated, remaining smaller sources of noise.

Other near-term tasks should include the fabrication of a second
RGG sensor, additional error analyses, and preliminary invesaigations

of several aspects of moving vehicle requirements, including inertial

platform technology.
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1.0 INTRODUCTION

This report describes the work accomplished by Shaker Research Corporation
on the detail design, manufacture, and testing of the bearings for the Hughes

Research Laboratories moving base gravity gradiometer.

The work on the subject contract (work covered in this report) began with
the production of the bearing detail manufacturing drawings. The actual
bearing design analytical work had been accomplished prior to the subject
contract. The starting point, or foundation, for the work described in
this report is contained in Hughes Research l.aboratoris "Bearing Specifi-

cation" DS-1-473, Rev. O dated April 1973.

The objectives of the program (which are detailed in Section 2.0) were met
in that the bearings met the performance objectives and that the methods
required to retain the lubricant within the bearing for long periods of

time (several months) were determined.

However, should it be necessary to operate the bearings in a vacuum environ-
ment (not an original program requirement), some unanswered questions with
regard to air entrapment remain. Although investigation of the vacuum
question was beyond the scope of the subject work, it is our conclusion

that suitable modifications to the filling procedures described in this re-

port will make vacuum operation possible.

The conclusions drawn from the program and recommendations with regard to
procedures and application of the bearings to the gradiometer are contained
in Section 3.0, Detail bearing and test equipment descriptions are contained

in Sections 4.0 and 5.0. Test results are described in Section 6.0.
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2,0 PROGRAM OBJECTIVES

The primary objectives of this program were to: i

1.

2.

Prepare a detailed set of manufacturing drawings for the proto-

type gravity gradiometer bearings.

Fabricate and assemble the bearings in a '"simulated" rotor gradi-

ometer test rig. . o
Determine the following specific bearing characteristics: f
a, Break away torque,
b. Running torque, ot
c. Stiffness, and

d. Temperature rise, :

Perform lubricant tests to establish:

a, Required seal clearance,

b. Effectiveness of barrier films,

c. Filling procedure,

d. Flow patterns within the bearing, and

e. Potential problem areas.
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3.0 CONCLUSIONS AND RECOMMENDATIONS

The conclusions drawn and recommendations made based upon the results of the
work conducted on this program are outlined in the following paragraphs.
These are divided into the categories:
Detail Design and Manufacture
2 Bearing Performance

3 Lubricant Retention and Filling.

Detail Design and Manufacture

1. Critical bearing and mounting surface geometries (roundness, flatness,
squareness, concentricity) met the general print requirements of 5 p
inches TIR max. However, because of available (stare-of-the-art)
metrology equipment limitations, no conclusion as to how much better
than 5 u inches the finished parts actually were can be made with
confidence. This is especially true in trying to discern the magni-

tudes of the second and third harmonic run-outs,

2, Finished spiral groove depths did not, in all cases, meet the print
tolerances and depth variations were greater than had been anticipated.
These deviations, however, did not produce a significant effect on the

bearing system performance with respect to torque and stiffness.

Two factors with respect to the effect of groove depth on bearing per-
formance should be mentioned here. First, the groove depth specified

on the drawings was near the theoretical optimum, that is the depth that
would result in the maximum stiffness. Deviations from the optimum depth
would be expected to result in a reduction in stiffness; with increasing
groove depths producing a smaller reduction in stiffness as compared to
corresponding deviations from optimum on the smali side. Since the actual
groove depths were all larger than the optimum (print specification), only
small reductions in stiffness were anticipated, and as is indicated in
Paragraph 6.1.2.2, the measured stiffness did exceed the specification

minimum. Additionally, deep grooves lead to reduced torque, which is in

the desired direction.
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The second factor has to do with bearing induced vibration and torque
noise. To minimize these, 1t was nrcessary to maximize stiffness, and to

minimize the geometrical irregularities of the bearing (rotating)

member. As was indicated above, the groove depth deviation did not cause
a reduction in stiffness to below the specification minimum. Furthermore,
since the grooves are on the stationary member, variations in their depth
will not cause variations in force or torque as a function of bearing

angular position, thus will not induce vibration or torque noise,

The technique of using an adhesive to bond the thrust bearing compon-
ents to the journal bearing proved to be effective and certainly eased
manufacture. However, a problem did persist in maintaining a long
lasting bond between the aluminum thrust bearing and the experimental -
glass journal bearing because of thermal stress problems which might cast
some doubt on the ultimate reliability of an aluminum to aluminum bond.
For peace-of-mind, a preloaded spring, or an epoxy encapsulate between
the thrust support plate and rotor could serve as a back-up support in
the unlikely event of an alurinum to aluminum bond failure in the actual

gradiometer bearing system,

In any redesign, elmination of the current button thrust runner should
be considered to further ease manufacture. This could be accomplished
by shortening the bearing and using the current support plate as the

thrust runner.

The magnitude of bearing and seal mounting screw torques appeared to have
only a second order effect on bearing distortion. The controlling factor

was the relative flatnesses and cleanliness of the mating surfaces.

The manner in which the bearing test rig was constructed along with the
various assembly procedures employed made assembly and disassembly opera-
tions relatively straightforward. The gradiometer designer is encouraged
to review those sections of this report pertaining to rig design, in-

spection, and assembly operations.

Bearing Performance

1.

The bearings met the specification torque and stiffness requirements at

design speed (1050 RPM) over the load range of + lg.
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Design operating specification performance can be met using a lubricant

having a viscosity between 12.5 and 20.7 cs.

If prolonged operation at ‘3 g loads are anticipated, the higher viscosity
oils should be used to provide more margin to the thrust bearing.

Thrust bearing total axial clearance could be increased from the current
200+50 p inches to 526 p inches max. and still meet the "average" stiff-
ness requirement of 57,000 1b/in. From a gradiometer standpoint, this

would ease assembly arnd minimize differential thermal expansion problems.

Lubricant Retention and Filling

1.

A non-wetting barrier film such as Nyebar should be employed in the seal
area immediately adjacent to the bearing to discourage lubricant creepage

from the bearing.

When treated with Nyebar, radjal seal clearances of up to 4 mils appears
acceptable. However, smaller clearances (1 mil) are recommended to give

a greater margin of safety.

A bearing filling procedure was developed (and is discussed in detail later
in this report) which should be adequate for the actual gradiometer applica-

tion -- provided the rotor is NOT to be operated in a vacuum environment.

Tests with the glass bearing revealed that air could become entrapped in

the unloaded region of the journal bearing clearance. The entrapped air did
not detrimentally affect the bearing performance. From the experiments that
were performed, no conclusions could be drawn as to whether the entrapped
air came from desolved gas in the lubricant or from the ambient adjacent to
the seal, However, it is clear that further experimentation would be appro-

priate 1f it is intended to operate the rotor in a vacuum environment,

As it is possible to inadvertantly overfill the bearing (causing a drop

or two of oil to be expelled from the seal), some method of soaking up this

e e s iy - bttt

excess 0il should be employed. Inserting a cotton swab through the seal
plate attachment screw access hole until it contacts the seal plate is onme
method of cleaning up any excess oil., In this case the rotor should be

horizontal with the access hole in the "vertical down" position.

e e e o
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4,0 BEARINGS

This section identifies the reference documents describing the basis for the
bearing design and describes the inspection and preassembly procedures that

were employed prior to the mounting of the bearing into the test rig for per-
formance testing.

4.1 Design

The final bearing design was based upon the procurement requirements generated
by Hughes Research Laboratory. The bearing operational requirements of speed,
load, stiffness and torque require maintaining several basic bearing physical
characteristics over the intended operating temperature for proper operation.

A full review of the bearing application, design criteria and typical analyti-

cal characteristics is contained in the following list of documents.

A, Hughes Prototype Rotating Gravity Gradiometer Procurement
Specification Rev. A. No, AR-772, August 1, 1972.

B. Mechanical Technology Inc., Technical Report 72TR59, October 27, 1972,

C. Hughes Report, "Prototype Moving Base Gravity Gradiometer',
January, 1973.

D. Shaker Research Corporation Technical Proposal EO0-A-4-73,
E. Hughes Specification "Bearing Spec., DS-1-473", Rev. 0, April, 1973.

The detail design of the cylindrical pintle bearings for the gravity gradiometer

are contained in Shaker Research Corporation drawing series 101 (see Appendix I).

4.2 Metrology

The production of the bearing parts and final test rig machining operations
were accomplished by Athbro Precision Engineering Corporation in Sturbridge,
Massachusetts. The inspection of the test rig and the bearing parts for align-
ment, roundness and squareness, as well as dimensional conformance was also
carried out at Athbro. Applicable drawings and specifications were produced
by Shaker Research, Critical measurements, such as the bearing roundness,
squareness, mounting hole alignment and critical mating surface flatness were
witnessed by Shaker personnel. A complete set of meaaurements of bearing com-
ponents are included in Appendicies II and III.
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It should be noted that the roundness charts shown in Appendix III have been
copied on a Xerox copier and that there is a 15 percent distortion along one
axis in the paper plane. Thus, the copied roundness charts of Appendix III

should not be used for analysis or final checking of the bearing components.

Only the originals or l:1 copies can provide such data.

A critical examination of the original Indi-ron recordings reveal the bearing
components to have roundness, squareness, and flatnesses within the specifi-
cation tolerances (generally 5microinches) of the production drawings. These in-
spections (along with spiral groove depths) were made on the Indi-ron and Moore
inspection machines. The major bearing components, as well as the two pri-

mary inspection machines, are shown in Figures 4.2.1 through 4.2.6., Figures
4,2,1 and 4.2.2 show close-up views of the main bearing comporznts. Figures
4,2,3 and 4.2.4 are photos of the components being inspected on the Indi-ron

and Moore machines respectively.

A pintle thrust surface flatness check which can be made quickly is illustrated
by the photograph in Figures 4.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>